by many scientists because they can provide better physical insight into problems (Mahato, 2012 ).
As we all know analytical solution of the problem provide closed form solution which gives more realistic result rather than numerical solution which provide approximate solution confining the percentage of error. In 1961, Ogata and Banks introduced a direct method for solving the differential equation governing the process of dispersion in porous media. In that, the medium was considered as homogeneous and isotropic and it was assumed that no mass transfer occur between the solid and liquid phases. Dispersion of pollutants in semi-infinite porous media with unsteady velocity distribution was discussed by Kumar (1983) . The solution was obtained by Laplace transform technique for both nonadsorbing and adsorbing porous medium subjected to temporally dependent input concentration. Lindstrom and Boersma (1989) studied the analytical solutions for convective-dispersive transport in confined aquifers with different initial and boundary conditions. Considering time-dependent inactivation rate coefficients, a mathematical model was developed for virus transport in one-dimensional homogeneous porous media (Sim and Chrysikopoulos, 1996) . The solutions were derived with the help of Laplace transformations using the binomial theorem. Sometimes, the dispersion coefficient and seepage velocity may vary with time as well as distance. The solutions obtained in these studies were obtained with a variety of integral transforms. A generalized analytical solution was developed using Laplace transform technique for one-dimensional solute transport in heterogeneous porous media with scale-dependent dispersion (Huang et al., 1996) . The analytical solution for solute transport with depth dependent transformation or sorption coefficient was presented by Flury et al. (1998) in Laplace space and inverted numerically. Considering scale and time-dependent dispersivity, Sander and Braddock (2005) presented a range of analytical solutions to the combined transient water and solute transport for horizontal flow. The scale and time dispersivity was applied to transient, unsaturated flow to develop similarity solutions for both constant solute concentration and solute flux boundary conditions. The Investigation of consolidation-induced solute transport, effects of consolidation on solute transport parameters were discussed and further extended in which experimental and numerical results were explored by Lee et al. (2009) and Lee and Fox (2009) . Li and Cleall (2010) presented the analytical solutions for contaminant diffusion in double-layered porous media subjected to arbitrary initial and boundary conditions. The analytical solutions were verified against numerical solutions from a finite-element method based model. All these analytical solutions are having some limitations though significant contribution for the scientific community is very well reported.
In recent years, numerical solution of the complicated problem for which analytical solution is not available, is being obtained frequently by the various scientists and researchers in India and abroad. The finite difference method is the well-known numerical method to solve the partial differential equations. The numerical solutions of onedimensional solute transport equation was obtained by finite element technique and finite difference method and compared with each other (van Genuchten, 1982) . Celia et al. (1990) developed a generalization of characteristic method named as Eulerian-Lagrangian localized adjoint method to provide a consistent formulation by defining test functions as specific solutions of the localized homogeneous adjoint equation. Ataie-Ashtiani et al. (1996) presented the numerical correction for finite-difference solution of the advectiondispersion equation with reaction in which the numerical and analytical solutions were compared. Assuming the dispersion coefficient and groundwater velocity as temporally and spatially dependent, the effect of solute dispersion along unsteady groundwater flow in a semi-infinite aquifer was presented by Kumar and Kumar (1998) for both homogeneous and inhomogeneous formations. Here the analytical solution was obtained by Laplace transform technique and it was compared with two-level explicit finite-difference method.
The truncation errors in finite difference models for one-dimensional solute transport equation with first-order reaction were discussed by Ataie-Ashtiani et al. (1999) Keeping these facts, the chapter has been made. This chapter deals with the onedimensional advection dispersion problem subject to Dirichlet and Robin type boundary conditions in both homogeneous and inhomogeneous formations which contain three problems.
In the first problem, the uniform initial concentration has been taken into account which is invariant with time or distance. The boundary condition is taken as exponential decreasing Dirichlet type time-dependent function. In case of homogenous formation, the problem is solved analytically using Fourier transform technique and numerically using two-level explicit finite difference method and the results are compared with the solution obtained by Laplace transform technique by Singh et al. (2008) . For inhomogeneous formation the dispersion coefficient is assumed to be function of both space and time and the concentration pattern is obtained using the same numerical technique. To predict the nature of the contaminant concentration along unsteady groundwater flow in semi-infinite aquifer, a comparative study is made by the proposed methods. Time-dependent velocity expressions are considered to illustrate the obtained result.
Due to leachate and landfills, the initial concentration of the aquifer may depend on the distance. The second problem represents one-dimensional advection-dispersion equation with space dependent initial concentration. The input point source concentration has been taken as Dirichlet type time-dependent in the form of logistic sigmoid function different from the first problem. The logistic sigmoid function is horizontally asymptotic in nature, i.e., it increases continuously for 0 t  and tends to 1 as t   . In the solute transport modeling context, the input point source concentration can be taken as of this form assuming that input concentration would initially increase with time and after a certain time period it would stabilize at an asymptotic value. The analytical and numerical solutions are obtained for homogeneous and inhomogeneous formations. In case of homogeneous formation, the analytical solution is obtained by Laplace transform technique while numerical solution is obtained by two-level explicit finite-difference method and it is compared with the numerical solution obtained for inhomogeneous formation.
Considering same initial concentration as discussed in second problem, third problem is solved for Robin type boundary condition with time-dependent logistic sigmoid function. The analytical and numerical solutions for homogeneous and inhomogeneous formations follow the same approach as discussed in second problem. The physical model of the problem is represented in Fig. 2 .1.
One-dimensional advection-dispersion equation with uniform initial concentration

Mathematical Formulation
Consider a one-dimensional isotropic semi-infinite aquifer. The Dirichlet type timedependent source of contaminant concentration is considered at the origin, i.e., at 0 x  and at the other end of the aquifer it is supposed to be zero. In order to mathematically formulate the problem, let 
Initially, the groundwater is not supposed to be solute free i.e., at time 0  t , the aquifer is not clean which means that some initial background concentration exists in aquifer. It is represented by uniform concentration i c . The one-dimensional advection dispersion equation can be written as
The initial and boundary conditions can be expressed as 
Dispersion along Homogeneous Aquifer
In case of homogeneous porous formation, the dispersion coefficient and seepage velocity is function of time only.
Therefore, Eq. (2.1) can be written as Maximum values are observed during the peak of winter season around December, after the rainy season (the period of lowest pumping). In these regions, groundwater infiltration is from rainfall and rivers. However, exponentially decreasing velocity expression is taken into consideration, from Banks and Jerasate (1962) .
The dispersion coefficient, vary approximately directly to seepage velocity for various types of porous media (Ebach and White, 1958) . Also it was found that such relationship established for steady flow was also valid for unsteady flow with sinusoidally varying seepage velocity (Rumer, 1962; Kumar, 1983 
A new time variable is introduced by the transformation (Crank, 1975)  
Now the set of dimensionless parameters are defined as follows:
The PDE given in Eq. (2.10) in non-dimensional form can be written as
2.2.2a Analytical Solution
To obtain the analytical solution, we reduce the convective term present in Eq.
(2.12) by using the transformation 
The analytical solution is obtained with the help of Fourier transform technique and it is compared with the solution obtained by Singh et al. (2008) with the help of Laplace transform technique.
Case I-Solution Using Fourier Transform
In the given problem as   , K X T is specified at 0 X  , thus Fourier sine transform is applicable for this problem.
Taking the Fourier sine transform of Eq. (2.17) and using the notation
and using the conditions
The auxiliary equation of Eq. (2.22) can be written as
Thus, one can get the general solution as follows:
Using initial condition given in Eq. (2.18), in Eq. (2.24), it gives
Taking the inverse Fourier transform on both the sides of Eq. (2.26) and using the transformation given in Eq. (2.16), one can get
Case II-Solution Using Laplace Transform
The solution of above problem was obtained with same initial and boundary conditions by Singh et al. (2008) given below:
2.2.2b Numerical Solution
Eqs. (2.12) -(2.15), is a one-dimensional solute transport problem of semi-infinite domain. To obtain the numerical solution, the semi-infinite domain is converted into finite domain. In order to convert the problem of semi-infinite domain,
; the following transformation is used.
Here, ' X has the same variation
(2.30) in Eq. (2.12), it reduces to
On converting the initial and boundary conditions Eqs. (2.13) to (2.15) in the ' X domain, it becomes as follows: 
The contaminant concentration at a point 
To find the numerical solution, two boundary conditions Eqs. (2.37a) and (2.38) have been used.
Dispersion along Inhomogeneous Aquifer
In an inhomogeneous aquifer, the solute dispersion coefficient and the groundwater velocity are both temporally and spatially dependent i.e., both the coefficients are functions of x and t . The dispersion coefficient D and seepage velocity u may be defined as follows:
Using Eq. (2.39), the advection-dispersion equation given in Eq. (2.1) in inhomogeneous form can be written as
Using new time variable defined in Eq. (2.9) and non-dimensional variables defined in Eq.
(2.11), Eq. (2.40) becomes
Considering hyperbolic space dependent dispersivity, Chen et al. (2008) 
In such a form, the first expression is of increasing nature from 0.8 at 0 X  to 1.0 as X   and the second expression is of decreasing nature having reverse tendency. To convert the problem of semi-infinite domain, 
As the initial and boundary conditions are independent of dispersion coefficient and seepage velocity, therefore they are same as given for homogeneous formation.
Using two level explicit finite difference scheme, Eqs. (2.44) becomes
Eq. (2.47) subjected to initial and boundary conditions given in Eqs. (2.36) -(2.38), is solved by using the explicit finite difference method. The limitation of an explicit scheme is that there is a certain stability criterion associated with it, so that the size of time step cannot exceed a certain value. For the same, the stability analysis has been done to improve the accuracy of the numerical solution (Bear and Verrujit, 1987) and the stability condition for the size of time step is obtained as
which satisfy the results and conditions obtained by Ataie-Ashtiani et al. (1999) .
Illustration and Discussion
We consider the sinusoidally varying and exponentially decreasing forms of velocities which are valid for transient groundwater flow too (Banks and Jerasate, 1962; Kumar, 1983) . Now from Eq. (2.6) the velocity expressions are as follows:
For both the expressions, the non-dimensional time variable T can be written as follows: Table 2 .1(a, b). It is observed that concentration values decreases rapidly in row (i) in comparison to row (ii). However, in Table 2 
Conclusion
A comparative study is made to obtain the analytical and numerical solutions of solute transport modeling in homogeneous and inhomogeneous groundwater system using, 
The source of input concentration at the origin, where the pollutants reach the groundwater level, is taken of temporally dependent form and the concentration gradient at the infinite extent is supposed to be zero. Therefore, the boundary conditions are considered as follows:
where, * 1 L       is the decay parameter and the symbols have their usual meaning as defined in the first problem.
Dispersion along Homogeneous Aquifer
In case of homogeneous formation, the dispersion coefficient and seepage velocity 
3.2a Analytical Solution
Using the transformation defined in Eq. (2.16), Eqs. (2.54) -(2.57) become
and, , , 0 2
Taking Laplace transform on both sides of Eq. (2.58), it gives
The auxiliary equation of Eq. (2.62) can be written as 
Hence, the general solution can be written as 
Now, on applying Laplace transform in Eq. (2.60), 
Now applying the transformation given in Eq. (2.16), we get the solution as
2.3.2b Numerical Solution
On converting the problem defined in Eqs. (2.54)-(2.57) of semi-infinite domain,
by using the same transformation given in Eq. 
The ' X and T domain are divided into equal number of subintervals and represented as
, 1, 2,..., , 0, 0.02
The contaminant concentration at a point Using two-level explicit finite difference methods, Eqs. (2.71) to (2.74) can be written as
The numerical solution of Eq. (2.75) can now be computed with initial and boundary conditions, given in Eqs. (2.76) -(2.78).
Dispersion along Inhomogeneous Aquifer
To find the numerical solution for inhomogeneous formation, the same process has been followed as discussed in 2.2.3. The inhomogeneous advection-dispersion equation in grid form can be expressed in a similar manner and given in Eq. (2.47). The same initial and boundary conditions are considered as that of the homogeneous case given in Eqs.
(2.76) to (2.78). The stability criterion follows the same for the advection-dispersion equation and given in Eq. (2.48).
Illustration and Discussion
Considering the similar form of time-dependent unsteady velocity expressions i.e. 
Conclusion
The solution 
Dispersion along Homogeneous Aquifer
Introducing the effect of homogeneity in similar manner as discussed earlier, from
Eqs. (2.6) and (2.7), the new time variable transformation defined in Eq. (2.9) and set of non-dimensional variables given in Eq. (2.11), Eq. (2.79) becomes and discussions.
Using finite difference scheme Eq. (2.82) becomes
The numerical solution has been obtained for homogeneous aquifer by solving Eq. (2.75) subjected to initial and boundary conditions given in Eqs. (2.76), (2.78) and (2.83).
Dispersion along Inhomogeneous Aquifer
In case of inhomogeneous formation the problem is described by Eq. 
Illustration and Discussion
For the illustration and discussion, two forms of unsteady groundwater velocities are 
Conclusion
Considering Robin type of boundary condition, a comparative study has been made between analytical and numerical solutions for one-dimensional isotropic semi-infinite 
